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RECYCLING CARBON FIBERS FROM 
EPOXY USING SOLVENT CRACKING 

FIELD 

[0001] Methods of recycling carbon ?bers from epoxy 
using natural-based solvent cracking are provided. 

BACKGROUND 

[0002] Carbon ?ber reinforced polymers (CFRPs) are 
increasingly used in consumer and enterprise applications. 
Effective and ef?cient recycling methods are needed, espe 
cially to reclaim the carbon ?bers (CFs)ithe most expensive 
component of CFRPs. Ideally the CFs are recovered intact 
and cleaned so they can be re-used in remanufacturing. 
[0003] Therefore, there is a need to develop improved 
methods of recycling carbon ?bers. The embodiments pro 
vided herein satisfy this need as Well as others. 

SUMMARY OF THE INVENTION 

[0004] Embodiments provide methods of extracting carbon 
?bers from a resin composite. In some embodiments, the 
method comprises contacting a resin composite comprising 
carbon ?bers With an extraction solvent to release the carbon 
?bers from the resin composite, Wherein the extraction sol 
vent comprises a cracking agent Which is furan-2-carbalde 
hyde (“furfural”; CAS 98-01-1; C5H4O2). In some embodi 
ments, the extraction solvent further comprises one or more 
swelling agents. In some embodiments, the method com 
prises purifying the released carbon ?bers to provide puri?ed 
carbon ?bers. In some embodiments, the extraction solvent 
further comprises at least one additional cracking agent in 
addition to furan-2-carbaldehdye. In some embodiments, the 
method is performed under anhydrous conditions. 
[0005] In some embodiments, the method is performed at 
about a neutral pH. 
[0006] In some embodiments, the purifying step comprises 
?ltering the released carbon ?bers. In some embodiments, the 
purifying step comprises removing the cracked composite 
resin from the ?bers. 
[0007] In some embodiments, the method comprises dry 
ing the puri?ed carbon ?bers. 
[0008] In some embodiments, the method comprises sepa 
rating the extraction solvent from the released carbon ?bers. 
[0009] In some embodiments, the method comprises sepa 
rating the extraction solvent from the released carbon ?bers 
and the cracked composite resin. In some embodiments, the 
method comprises contacting the separated extraction solvent 
With a different resin composite to extract carbon ?bers from 
the different resin composite. 
[0010] Various embodiments provide systems for extract 
ing carbon ?bers from a resin composite. In some embodi 
ments the system comprises a ?rst container comprising a 
resin composite comprising carbon ?bers; a second container 
comprising an extraction solvent, Wherein the ?rst container 
is operably connected to the second container such that the 
resin composite can be contacted With the extraction solvent, 
Wherein the extraction solvent comprises a cracking agent, 
and Wherein the cracking agent comprises furan-2-carbalde 
rhyde. 
[0011] In some embodiments, the system comprises a third 
container comprising one or more sWelling agents, Wherein 
the third container is operably connected to the ?rst container 
such that the resin composite can be contacted With the one or 
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more sWelling agents. In some embodiments, the system 
comprises a puri?cation system con?gured to purify the 
released carbon ?bers. In some embodiments, the puri?cation 
system comprises a ?ltration system. 
[0012] In some embodiments, the system comprises an 
extraction solvent reservoir operably connected to the second 
container, Wherein the extraction solvent can be added or 
removed from the second container. In some embodiments 
the extraction solvent further comprises at least one addi 
tional cracking agent in addition to furan-2-carbaldehyde. 
[0013] In some embodiments, the system comprises a tem 
perature regulating element to control the temperature of the 
extraction process. 
[0014] In some embodiments, the system comprises a dry 
ing unit to dry the extracted ?bers from the solvents. 
[0015] In some embodiments, compositions comprising 
furan-2-carbaldehyde and a resin composite are provided. In 
some embodiments, the resin composite is an epoxy compos 
ite, polyester composite, polyamide composite, or a polyim 
ide composite. In some embodiments, the composition com 
prises carbon ?bers. In some embodiments, the composition 
comprises one or more sWelling agents. 

BRIEF DESCRIPTION OF DRAWINGS 

[0016] FIGS. 1A-C shoW epoxies before and after treat 
ment. FIG. 1A shoWs an epoxy prior to being treated. FIG. 1B 
shoWs an epoxy sample after being immersed partially in 
furfural for 8hours at 50° C. FIG. 1C shoWs an epoxy sample 
after being partially immersed in furfural/DMSO for 8 hours 
at 50° C. 

DETAILED DESCRIPTION 

[0017] This description is not limited to the particular pro 
cesses, compositions, or methodologies described, as these 
may vary. The terminology used in the description is for the 
purpose of describing the particular versions or embodiments 
only, and it is not intended to limit the scope of the embodi 
ments described herein. Unless de?ned otherWise, all techni 
cal and scienti?c terms used herein have the same meanings 
as commonly understood by one of ordinary skill in the art. In 
some cases, terms With commonly understood meanings are 
de?ned herein for clarity and/or for ready reference, and the 
inclusion of such de?nitions herein should not necessarily be 
construed to represent a substantial difference over What is 
generally understood in the art. HoWever, in case of con?ict, 
the patent speci?cation, including de?nitions, Will prevail. 
Embodiments described herein can be combined With one 
another unless context dictates otherWise. 
[0018] It must also be noted that as used herein and in the 
appended claims, the singular forms “a”, “an”, and “the” 
include plural reference unless the context clearly dictates 
otherWise. 

[0019] As used in this document, terms “comprise,” “have,” 
and “include” and their conjugates, as used herein, mean 
“including but not limited to.” While various compositions, 
methods, and devices are described in terms of “comprising” 
various components or steps (interpreted as meaning “includ 
ing, but not limited to”), the compositions, methods, and 
devices can also “consist essentially of’ or “consist of’ the 
various components and steps, and such terminology should 
be interpreted as de?ning essentially closed-member groups. 
[0020] Embodiments described herein provide methods of 
reclaiming valuable CFs utiliZing stress cracking solvents. In 
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some embodiments, the cracking solvents are based on fur 
fural and its combination With several other swelling and 
stress cracking solvents including, but not limited to, dimeth 
ylformamide, dimethylsulphoxide, propylene carbonate, and 
the like. Furfural is derived from natural products, such as, 
corn cobs . Without Wishing to be bound by any theory the 
phenomenon of solvent stress cracking is based on physical 
interaction of the furfural and its compositions based solvent 
With the epoxy composite matrix, leading to crystallization 
and cracking to ?ne poWder. The CFs are, for example, lib 
erated from the matrix With their structural and mechanical 
properties largely intact. The process takes place at very mild 
conditions With no environmental impact, Which is advanta 
geous and superior over prior methods. 
[0021] Without being bound to any theory, a highly polar 
solvent or solvent composition is adsorbed/absorbed on the 
surface and then penetrates gradually into the epoxy compos 
ite matrix, Which causes cracks in the epoxy composites. The 
epoxy composite undergoes cracking under the in?uence of 
the solvent stresses to provide a poWder product. When used 
according to the embodiments described herein for the pur 
pose of, but not limited to, recycling CFRPs, the CFs can be 
reclaimed intact. Additionally, the methods surprisingly can 
be performed under very mild conditions With little or no 
environmental impact. For example, the methods consume 
little energy. That is, little energy is required for the methods 
described herein to reclaim the carbon ?bers compared to 
other methods. This is a marked advantage over thermal deg 
radation, supercritical solvent techniques, or chemical 
decomposition at elevated temperatures and pressure, each of 
Which require the application of external energy to drive the 
recycling of the CFs. Additionally, unlike thermal degrada 
tion, in some embodiments, the methods described herein 
produce little, if any, polluting decomposition products. 
[0022] In some embodiments, the solvent that is used to 
recycle the CFs is furfural, the structure of Which is shoWn 
beloW: 

/ /O 

Furfural can be derived from natural materials including, but 
not limited to, comcobs, oats, Wheat bran and saWdust. Thus, 
furfural is a sustainable reagent. The furfural can be produced 
by any one of numerous methods, Which are Well knoWn in 
the art. 

[0023] In some embodiments, the furfural is used alone to 
recycle the carbon ?bers. In some embodiments, furfural is 
combined With other sWelling and/or cracking solvents to 
recycle the carbon ?bers. Examples of sWelling agents 
include, but are not limited to, dimethyl sulphoxide, dimeth 
ylformamide and propylene carbonate. 
[0024] The solvent can be used, for example, to recycle 
carbon ?bers from common resins including, but not limited 
to, unsaturated polyesters, epoxy composites and their IPNs 
(interpenetrating polymer netWorks). 
[0025] In addition to the advantages and surprising results 
described herein and that are readily apparent, the embodi 
ments described herein also have the folloWing unexpected 
advantages. The advantages include, but are not limited to, 
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extremely loW energy consumption, a simpli?ed recycling 
process requiring feWer steps and does not require expensive 
or complicated equipment, and the furfural based solvent is 
derived from natural products making it a sustainable solvent. 
Other advantages include, but are not limited to, little, if any, 
contaminating or polluting by-products produced by the 
methods disclosed herein. An additional advantage is that the 
CFs are recycled largely intact, Whereas, in prior methods, the 
CFs are degraded and make the process of recycling more 
dif?cult. Another advantage of the present embodiments is 
that the epoxy poWder formed by the methods described 
herein is, for example, a highly active ?ller or starting mate 
rial for other polymeric resins, composites or IPNs. In con 
trast, previous methods, such as thermal degradation, Which 
is commonly used, leads to decomposed and oxidiZed degra 
dation products, such as carbon dioxide, nitrogen dioxide, 
amines, and alcohols, Which contaminate the remaining CFs 
and complicates recycling of the CFs. In contrast, the present 
embodiments do not produce such by-products. The present 
embodiments can be performed at loWer temperatures and 
atmospheric pressures, Whereas previous methods require 
increased temperatures and pressures. Another advantage is 
that the solvent that is used, furfural, can be recycled because 
the solvent is not changed through the process, but rather 
physically interacts With the recycled material. Therefore, the 
furfural can be recaptured and recycled and reused leading to 
a loWer cost for continuing the recycling of carbon ?bers. 
Therefore, the embodiments described herein have unex 
pected advantages that make the embodiments superior to 
previously disclosed methods of recycling carbon ?bers. 
[0026] Embodiments also provide methods of extracting 
carbon ?bers from a resin composite. In some embodiments, 
the method comprises contacting resin composite comprising 
carbon ?bers With a cracking solvent to release the carbon 
?bers from the resin composite. In some embodiments, the 
resin composite is immersed in the cracking solvent. In some 
embodiments, the cracking solvent comprises furan-2-car 
baldehyde. In some embodiments, the cracking solvent com 
prises a sWelling agent. In some embodiments, the cracking 
solvent comprises at least one other cracking agent in addition 
to furan-2-carbaldehyde. Examples of sWelling agents or 
other cracking agents include, but are not limited to, With 
dimethylformamide, dimethylsulphoxide and propylene car 
bonate. The cracking agents and sWelling agents can be used 
alone or in any combination With one another. In some 

embodiments, the resin composite is contacted With the vapor 
of the cracking solvent. Therefore, the resin composite can be 
immersed in the cracking solvent and/or exposed to the vapor 
of the cracking solvent Immersion can be complete immer 
sion or partial immersion. The resin composite can also be 
Wetted With the cracking solvent, such as by brushing the 
solvent on the resin composite. In some embodiments, the 
resin composite is partially submerged or fully submerged in 
the cracking solvent. 
[0027] The resin composite can be any resin that can have 
carbon ?bers recycled according to the methods described 
herein. In some embodiments, the resin is an epoxy compos 
ite, polyester composite, polyamide composite, or a polyim 
ide composite, or any combination thereof. In some embodi 
ments, the epoxy composite is bisphenol-A epoxy, 
Bisphenol-F epoxy, or Novolac epoxy (phenol formaldehyde 
resin). 
[0028] In some embodiments, the resin composite is con 
tacted With the cracking solvent at a temperature equal to or 
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more than 50 degrees centigrade. In some embodiments, the 
temperature is about 50 to about 90, about 50 to about 80, 
about 50 to about 70, about 50 to about 60, about 60 to about 
90, about 60 to about 80, about 60 to about 70, about 70 to 
about 80, about 70 to about 90, or about 80 to about 90 degrees 
centigrade. Speci?c examples of temperatures include about 
50 degrees centigrade, about 60 degrees centigrade, about 70 
degrees centigrade, about 80 degrees centigrade, about 90 
degrees centigrade, and ranges betWeen any tWo of these 
values. 
[0029] In some embodiments, the resin composite is con 
tacted With the cracking solvent under substantially anhy 
drous conditions or under anhydrous conditions. In some 
embodiments, the resin composite is contacted With the 
cracking solvent at about a neutral pH. In some embodiments, 
pH is about 6.5 to about 7.5, about 6.8 to about 7.2, or about 
7.0. 
[0030] In some embodiments, the resin composite is con 
tacted With the cracking solvent for about 1, about l-2, about 
l-3, about l-4,about 1-6, about l-8, about l-l2, about l-l6, 
about l-20, or about l-24 hours. 

[0031] In some embodiments, the method also comprises 
purifying the carbon ?bers that are released from the resin 
from being contacted With the cracking solvent. Therefore, in 
some embodiments, the methods provide puri?ed carbon 
?bers. In some embodiments, the purifying step comprises 
?ltering the released carbon ?bers. The ?ltering can be car 
ried out by any method. The ?ltering can also be performed to 
remove the cracked composite resin from the recycled carbon 
?bers. 
[0032] In some embodiments, the method comprises dry 
ing the puri?ed carbon ?bers. In some embodiments, drying 
comprises heating the puri?ed carbon ?bers. In some embodi 
ments, the ?bers are dried to remove at least, or about 10%, 
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% ofthe 
solvents or solutions remaining in the puri?ed carbon ?bers. 
[0033] In some embodiments, the methods also comprise 
separating, recovering, or recycling the cracking solvent from 
the released carbon ?bers and the cracked composite resin. 
The recycled cracking solvent may then be reused if desired. 
Thus, in some embodiments, a method is also provided that 
comprises contacting the separated extraction cracking sol 
vent With a different resin composite to extract carbon ?bers 
from the different resin composite. Accordingly, the cracking 
solvent is recycled and reused. 
[0034] In some embodiments, the method comprises con 
tacting the resin composite With a sWelling solvent to, for 
example, delaminate the resin composite prior to contacting 
the resin composite With the cracking agent. In some embodi 
ments, the resin composite is contacted With a sWelling sol 
vent after contacting the resin composite With the cracking 
agent. 
[0035] In some embodiments, a system for extracting car 
bon ?bers from a resin composite is provided. In some 
embodiments, the system comprises a ?rst container that is 
operably connected to a second container. The ?rst container 
can hold the resin composite that contains the carbon ?bers to 
be recycled. The second container can hold the extraction 
solvent. The extraction solvent can contain one or more 

cracking agents and/or one or more sWelling agents. The ?rst 
container can be, for example, a tray that can hold the resin 
composite. In some embodiments, the ?rst container can be 
operably connected to the second container such that the tray 
can be raised or loWered into the extraction solvent. In some 
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embodiments, the ?rst container is operably connected to the 
second container such that vapors emitted by the second 
container comprising the extraction solvent contact the ?rst 
container comprising the epoxy resin. In some embodiments, 
the containers are rotated so that the solvent is mixed With the 
epoxy resin. In some embodiments, the ?rst container is oper 
ably connected to the second container such that the ?rst 
container can be immersed in the extraction solvent. In some 
embodiments, the containers are operably connected to a 
reservoir. In some embodiments, after the carbon ?bers are 
released by the extraction solvent, the released ?bers are 
puri?ed aWay from the solvent. This can be done, for 
example, by alloWing the carbon ?bers and the solvent to How 
into the reservoir. The ?bers can be puri?ed and/or isolated 
from the reservoir by standard methods including, but not 
limited to, ?ltration and the like. The extraction solvent can 
then be reused to recycle additional carbon ?bers from the 
epoxy resin previously treated or from a different epoxy resin. 

[0036] In some embodiments, the second container com 
prises a ?ltration system such that the carbon ?bers can be 
isolated aWay from the extraction solvent. The extraction 
solvent can be recycled and reused to extract or release addi 
tional carbon ?bers. In some embodiments, the containers are 
operably connected through a system of inlets and outlets and 
tubing. The method of connection, hoWever, can be any 
method to alloW the puri?cation of the recycled carbon ?bers. 
[0037] In some embodiments, the system comprises the 
extraction solvent, Wherein the extraction solvent comprises 
one or more cracking agents and one or more sWelling agents. 
The one or more cracking agents and/or one more sWelling 
agents can be any agent as described herein. 

[0038] In some embodiments, the system comprises at least 
one temperature regulating element to control the tempera 
ture of the cracking process of the resin. The temperature 
regulating element can control the temperature of the extrac 
tion solvent. In some embodiments, the system is operated at 
a temperature that produces extraction solvent vapors. The 
vapors can then be alloWed to contact the epoxy resin to alloW 
the carbon ?bers to be released and recycled. In some embodi 
ments, the temperature regulating element is con?gured to 
maintain the system at a temperature equal to or more than 50 
degrees centigrade. In some embodiments, the temperature 
regulating element is con?gured to maintain the system at a 
temperature of about 50 to about 90, about 50 to about 80, 
about 50 to about 70, about 50 to about 60, about 60 to about 
90, about 60 to about 80, about 60 to about 70, about 70 to 
about 80, about 70 to about 90, or about 80 to about 90 degrees 
centigrade. Speci?c examples of temperatures include about 
50 degrees centigrade, about 60 degrees centigrade, about 70 
degrees centigrade, about 80 degrees centigrade, about 90 
degrees centigrade, and ranges betWeen any tWo of these 
values. 

[0039] In some embodiments, the system comprises at least 
one drying unit. The drying unit can be used, for example, to 
dry the extracted ?bers from the solvents. In some embodi 
ments, the drying unit is con?gured to remove at least, or 
about, 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100% of the 
solvents present With the recycled carbon ?bers. 
[0040] In some embodiments, the system comprises a third 
container. The third container can be operably connected to 
the second container. In some embodiments, the third con 
tainer comprises a sWelling agent. The third container can be 
operably connected to the second container such that the 
sWelling agent can be introduced into the second container. 
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This con?guration can be used to expose the epoxy resin to an 
extraction solvent comprising both a cracking agent and a 
sWelling agent. In some embodiments, the sWelling agent is 
added directly to the second container. 
[0041] Embodiments also provide compositions compris 
ing an extraction solvent furan-2-carbaldehyde and a resin 
composite. In some embodiments, the resin composite is an 
epoxy composite, polyester composite, polyamide compos 
ite, or a polyimide composite. In some embodiments, the 
composition comprises carbon ?bers. The carbon ?bers can 
be carbon ?bers released from the resin composite. In some 
embodiments the composition also comprises one or more 
additional cracking agents that is not furan-2-carbaldehyde. 
In some embodiments, the composition comprises one or 
more sWelling agents. 

EXAMPLES 

Example 1 

Use of Furfural to Recycle Carbon Fibers 

[0042] Cylindrical samples 48 mm diameter><50 mm high 
Were made from Novolac epoxy resin cured With isophor 
onediamine consisting of reinforcing ?bers. The samples 
Were post cured at 100° C. for 16 hours and then cooled to 
room temperature. Samples Were immersed to their 1/3 height 
in furfural in a closed container. After 24 hours at room 
temperature, the immersed part of the samples Were highly 
eroded and the upper part subjected to the vapors only Was 
highly sWollen and expanded, Which is shoWn in FIG. 1. 

Example 2 

Use of Furfural Mixtures to Recycle Carbon Fibers 

[0043] Samples from reinforced epoxy composite as 
described in Example 1 Were immersed in mixtures of fur 
fural and DMF, furfural/DMSO, ?lr?lral/propylene carbon 
ate(ratios of l : l,l:2,l:3). The qualitative results shoWed that 
the samples underWent higher sWelling rate but a loWer crack 
ing rate Were observed. 

Example 3 

Increasing Temperature increases Cracking and 
Recycling 

[0044] The methods described in Examples 1 and 2 Were 
performed at different temperatures, such as 30, 40, 50, 60, 
70, 80, 90, or 100° C. The qualitative results shoWed that 
sWelling and cracking rates increased With increasing tem 
perature. It is expected that carrying out these cracking 
experiments under pressure Will signi?cantly increase the 
cracking rate and reduce time needed the reclaiming process. 
[0045] From the foregoing, it Will be appreciated that vari 
ous embodiments of the present disclosure have been 
described herein for purposes of illustration, and that various 
modi?cations may be made Without departing from the scope 
and spirit of the present disclosure. Accordingly, the various 
embodiments disclosed herein are not intended to be limiting. 

1. A method of extracting carbon ?bers from a resin com 
posite, the method comprising: 

contacting a resin composite comprising carbon ?bers With 
an extraction solvent to release the carbon ?bers from 
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the resin composite, Wherein the extraction solvent com 
prises a cracking agent Which is furan-2-carbaldehyde. 

2. The method of claim 1 Wherein the extraction solvent 
further comprises one or more sWelling agents. 

3. The method of claim 1 Wherein the sWelling agent is 
dimethylformamide, dimethylsulphoxide, or propylene car 
bonate, or any combination thereof. 

4. The method of claim 1, Wherein contacting comprises 
immersing the resin in the extraction solvent or exposing the 
resin to vapors of the extraction solvent. 

5. (canceled) 
6. The method of claim 1, further comprising purifying the 

released carbon ?bers to provide puri?ed carbon ?bers. 
7. The method of claim 1, Wherein the extraction solvent 

further comprises at least one additional cracking agent in 
addition to furan-2-carbaldehdye. 

8. The method of claim 1, Wherein the resin composite is an 
epoxy composite, polyester composite, polyamide compos 
ite, or a polyimide composite. 

9. The method of claim 8, Wherein the epoxy composite is 
bisphenol-A epoxy, Bisphenol-F epoxy, or Novolac epoxy. 

10. (canceled) 
11. The method of claim 1, Wherein contacting step is 

performed at a temperature of about 50 degrees centigrade to 
about 90 degrees centigrade. 

12. The method of claim 1, Wherein the method is per 
formed under anhydrous conditions or at a neutral pH. 

13. (canceled) 
14. The method of claim 2, Wherein the purifying step 

comprises ?ltering the released carbon ?bers or removing the 
cracked composite resin from the ?bers. 

15-16. (canceled) 
17. The method of claim 1, further comprising separating 

the extraction solvent from the released carbon ?bers. 

18. (canceled) 
19. The method of claim 17, further comprising contacting 

the separated extraction solvent With a different resin com 
posite to extract carbon ?bers from the different resin com 
posite. 

20. A system for extracting carbon ?bers from a resin 
composite, the system comprising: 

a ?rst container comprising a resin composite comprising 
carbon ?bers; 

a second container comprising an extraction solvent, 
Wherein the ?rst container is operably connected to the 

second container such that the resin composite can be 
contacted With the extraction solvent, 

Wherein the extraction solvent comprises a cracking agent, 
Wherein the cracking agent comprises furan-2-carbalder 

hyde. 
21. The system of claim 20 further comprising a third 

container comprising one or more sWelling agents, Wherein 
the third container is operably connected to the ?rst container 
such that the resin composite can be contacted With the one or 
more sWelling agents. 

22. The system of claim 20, further comprising a puri?ca 
tion system con?gured to purify the released carbon ?bers. 

23-25. (canceled) 
26. The system of claim 20, further comprising a tempera 

ture regulating element to control the temperature of the 
extraction process. 

27. The system of claim 20, further comprising a drying 
unit to dry the extracted ?bers from the solvents. 
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28. A composition comprising furan-2-carbaldehyde and a 
resin composite. 

29. The composition of claim 28, wherein the resin com 
posite is an epoxy composite, polyester composite, polya 
mide composite, or a polyimide composite. 

30-32. (canceled) 
33. A method of degrading an epoxy resin, the method 

comprising contacting the epoxy resin With a degradation 
solvent comprising furan-2-carbaldehyde. 

34. The method of claim 33, Whereby the degradation 
solvent cracks the epoxy resin. 

35. The method of claim 33, Wherein the contacting step 
produces poWdered epoxy. 

* * * * * 
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